ABSTRACT: Introduction: In preparation for future clinical trials, we determined the reliability, relationship to measures of disease severity, and consistency across sites of the 6 Minute Walk Test (6MWT) in patients with facioscapulohumeral muscular dystrophy (FSHD). Methods: Genetically defined and clinically affected FSHD participants at 2 sites performed the 6MWT, the Timed Up and Go, and the 30 foot Go/Timed 10 meter test as measures of mobility using standard procedures. Results: Eight-six participants representing the full range of severity performed the 6MWT. The mean 6MWT distance was 404.3 meters (SD 123.9), with no difference between sites. The 6MWT was reliable (n 5 25; intraclass correlation coefficient 5 0.99) and demonstrated moderate to strong correlations with lower extremity strength, functional outcomes, and FSHD Clinical Score. Conclusions: The 6MWT is reliable and is associated with other measures of FSHD disease severity. Future directions include assessing its sensitivity to disease progression.
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Facioscapulohumeral muscular dystrophy (FSHD) is one of the most common forms of adult muscular dystrophy. It is an autosomal dominant condition with incomplete penetrance where affected individuals experience progressive weakness that affects the facial, scapular, trunk, and limb muscles. 1, 2 Over time, weakness results in impaired functional abilities; however, most individuals remain ambulatory until later in the disease course, and approximately 20% of individuals require the use of a wheelchair for mobility by their sixth decade.
1 Advances in our understanding of the molecular pathophysiology underlying the disease process have identified potential targets for therapy. 3 As the FSHD research community focuses on symptomatic and disease-directed therapies, there is a pressing need to develop reliable, sensitive, and clinically meaningful functional outcome measures for clinical trials. This need has been highlighted in 2 international workshops for clinical trial preparedness in FSHD. 4, 5 The 6 Minute Walk Test (6MWT) is a measure of functional exercise capacity that originated in studies of patients with cardiac and respiratory conditions. 6 Using a standard protocol, individuals are asked to walk as far possible in 6 min. The 6MWT has been widely used as an outcome measure in neuromuscular conditions including spinal muscular atrophy, 7 Duchenne muscular dystrophy (DMD), 8 inclusion body myositis, 9 myotonic dystrophy, 10 and Pompe disease, 11 and it was a primary outcome for a study gaining regulatory approval of enzyme replacement therapy for adult-onset Pompe disease. 12 The objective of this study was to determine 6MWT distance and its variability in a symptomatically diverse group of genetically defined FSHD participants while assessing the consistency of results across 2 sites using a similar protocol. Through this research, we also assessed the testretest reliability and relationship of the 6MWT to other measures of disease severity and mobility.
MATERIALS AND METHODS
Prospective cross-sectional studies were performed using separate protocols at the University of Rochester Medical Center (URMC) and the Kennedy Krieger Institute (KKI) between 2012 and 2015. Data from the 2 sites were combined for analysis. These studies were approved by Institutional Review Boards at both sites, and all participants gave informed consent.
Participants. Participants were recruited from both sites using existing neuromuscular databases, or directly from clinic. Participants were > 18 years of age, had genetic confirmation of a 4q deletion diagnostic of FSHD1, 13 were independently ambulatory, and were clinically affected based on examination by a neuromuscular physician. Participants who were not able to perform the functional testing or were unable to give informed consent were excluded.
Participants came into the clinic or Clinical Research Center for a single day visit and performed the 6MWT, the Timed Up and Go (TUG), the 30 foot Go (performed at URMC) or the 10 meter/walk run (performed at KKI), and manual muscle testing (performed at URMC) using standard procedures. Participants at URMC returned within 3 weeks for test-retest reliability testing.
Measures.
Functional Assessments. The 6MWT was performed using a standardized protocol that followed the American Thoracic Society guidelines.
14 Both sites used a straight course, but the course length varied between the 2 sites; a 40 meter course was used at URMC, and a 50 meter course was used at KKI. A prior study showed equivalency of different straight course lengths between 15 and 50 meters in calculating 6MWT distances. 14, 15 Additionally, the distance walked during the first and last 2 min of the 6MWT was recorded (URMC only).
The TUG is a measure of functional mobility and balance where the individual stands from a standard height chair, walks 3 meters, turns around, and returns to the seated position. The TUG is a reliable measure of mobility that has also been correlated with a patient's fall risk. 16, 17 The 30 foot Go is a test of maximal performance. Individuals stand at the start line and are shown the finish line. They are asked to traverse 30 feet as fast as they are able to do so safely. The time from the word "go" to both feet crossing the finish line is recorded. The 30 foot Go has shown to be a reliable test in individuals with FSHD. 18 The timed 10 meter walk/run is performed in a similar manner, however, over a slightly longer distance of 10 meters. 19 Clinical Severity. Disease severity was documented using the FSHD Clinical Score. The FSHD Clinical Score is a 15-point ordinal scale made up of subscales for the face, shoulders, arms, abdomen, and distal and proximal lower extremities; a score of 0 indicates no muscle weakness, and 15 indicates severe muscle weakness. 20 Strength Assessment. Manual muscle testing was performed using standard muscle testing procedures on 16 bilateral muscle groups, neck flexion, and neck extension. 18 , 21 The muscle groups tested were shoulder abductors and external rotators, elbow flexors and extensors, wrist flexors and extensors, common finger extension, thumb flexors, hip flexors and extensors, hip abductors and adductors, knee flexors and extensors, ankle dorsiflexors and plantar flexors, and neck flexors and extensors. Strength assessment was performed by a trained physical therapist. Muscles were graded 0-5 using a modified Medical Research Council scale. 18 Statistical Analyses. Descriptive statistics [mean, standard deviation (SD), frequencies] were used to summarize the data. Differences between sites were tested using 2 sample t-tests for continuous variables or Fisher exact tests for frequencies. Intraclass correlation coefficients (ICCs) and the lower 95% confidence limits were calculated to determine test-retest reliability. Standard Pearson or Spearman (for nonnormal distributions) correlation coefficients were used to determine the relationship between the 6MWT and clinical severity, lower extremity strength, and other measures of mobility. The minimal detectible change 95% (MDC95) was defined as: 22, 23 
As there were differences in age between sites, an adjusted analysis of the mean 6MWT between sites was obtained using a generalized linear model with 6MWT as the dependent variable, and site, gender, age, severity, and mutation as independent variables. Lastly, the degree to which lower extremity strength contributed to 6MWT distance was determined using regression analysis. All statistical tests were 2-sided, and P < 0.05 were used for significance. Statistics were performed using the IBM SPSS statistical package (version 23).
RESULTS
A total of 86 participants (42% women; mean age, 49.1 years) representing a broad range of clinical severity participated in the study (FSHD clinical score range 1-12; Table 1 ). The sites were comparable with regard to gender, clinical severity, and D4Z4 residual fragment size. Participants at KKI were 6.7 years younger (P 5 0.04).
The combined mean distance walked during the 6MWT was 404.3 meters, SD 123.9; URMC 394.4 meters, SD 140.4; KKI 4411.1 meters, SD 112.4, P 5 0.54. There were no differences in 6MWT distances related to age, or between men and women (Fig. 1A ). An adjusted analysis for potential differences in age, gender, severity, and mutation also did not reveal a difference in 6MWT distances between sites (URMC 412.5 meters; SD 105.5; KKI 406.9 meters; SD 103.5; P 5 0.82). To further investigate the utility of the 6MWT for use as a potential outcome measure in FSHD, the minimal detectable change (MDC95) was calculated. The MDC95 was 34.3 meters, which represents the magnitude of change at which one could be 95% certain the change exceeds measurement error.
The change in the distance walked between the beginning of the test versus the end has been indicative of fatigue in some neuromuscular conditions. 7 We found no difference between the distance walked during the first 2 min of the 6MWT and the last 2 min. However, participants who performed less than the mean 6MWT distance showed a drop of 6.8 meters between the first and last 2 min of the test (n 5 19; P 5 0.02; Fig. 1B) .
The test-retest reliability (baseline versus < 3 weeks) of the 6MWT was excellent, with an ICC of 0.99 (lower confidence limit 0.98; n 5 25).
The 6MWT had moderate to strong relationships with other measures of FSHD disease severity ( Table 2 ). The 6MWT was strongly correlated with a combined lower extremity MMT score (q 5 0.79; P < 0.0001), and lower extremity strength accounted for approximately 47% of the variability seen in the 6MWT distances in a generalized linear regression (R 2 5 0.47; P < 0.0001). In addition, the 6MWT was associated with other tests of mobility. It was inversely correlated with timed functional tasks, including the TUG (q 5 20.81; P < 0.0001), the 30 foot Go (q 5 20.88; P < 0.0001), and the timed 10 meter walk/run (q 5 20.78; P < 0.0001).
DISCUSSION
We found the 6MWT to be reliable and its performance consistent when compared across 2 sites using similar protocols. The 6MWT had moderate to strong correlations with other measures of FSHD disease severity, including measures of strength and function. Combined lower extremity strength appeared to account for approximately half of the variability seen in distance. While fatigue during the test was not a major factor for the whole population (as based on a comparison between the distance walked in the first vs. last 2 min), it may be a factor in those participants who walk < 400 meters. A <400 meter 6-minute walk distance may be a necessary inclusion criterion for any future study looking to use the 6MWT to study fatigue and impaired endurance in FSHD.
Although debate exists regarding what a small change in a measure like the 6MWT might mean to the patient, it has become established as a common outcome for neuromuscular clinical trials. The amount of change considered to be meaningful to patients is usually defined statistically by determining the minimal clinically important difference (MCID). The most common approach for determining the MCID uses an anchoring technique to determine the smallest change in an outcome that corresponds to patients stating they are improved. The MCID for the 6MWT has been defined for many diseases, and the scale of this change has been relatively consistent, ranging from 35-55 meters in the cardiopulmonary literature. [24] [25] [26] In Duchenne muscular dystrophy the MCID was estimated to be approximately 30 meters. 8 While the MCID cannot be determined from a cross-sectional study, statistical measures can be used to determine the MDC95, which was 34.3 meters. This is a value that is similar to prior estimates of the MCID in other diseases.
One possible detriment to using the 6MWT has been the perception that the test potentially detects changes smaller than what is clinically meaningful. In the key registration trial of enzymereplacement therapy for adult-onset Pompe disease, the size of the effect on the 6MWT was only 28 meters; 12 some questioned whether this was enough to be considered a meaningful improvement despite simultaneous improvement in respiratory function. An outcome measure like the 6MWT may be important for FSHD, especially if changes predict future improvements or are associated with improvements across multiple other clinically relevant outcomes. Indeed, for drugs designed to alter the disease course, a small change in functional performance in a task inherently important, like walking, may be important when deciding to continue long-term therapy.
More specifically for FSHD, a functional task with a broader dynamic range that was sensitive to small changes in function is important for early efficacy studies. To date, standard timed functional measures, like the 30 foot Go, time to stand from seated position, and time to climb 4 stairs were not sensitive to disease progression in FSHD for periods of time as long as 3 years. 27 The 6MWT has many appealing qualities for a disease like FSHD, which is mainly a disease of purely skeletal muscle dysfunction. The longer length of the test allows for measurement of both strength and muscle fatigue. Lower extremity motor strength accounts for approximately half of the variability in the 6MWT in FSHD, and while there was not marked fatigue across the whole group, a subgroup walked less than the mean and experienced fatigue over the course of the test. The 6MWT distance correlates with FSHD disease severity, so the participants who walked less than the mean are typically more severely affected. This suggests that there may be a cut-off in the 6MWT which corresponds to underlying severity where fatigue becomes a significant component of performance on the 6MWT. This may help inform inclusion criteria or stratification strategies for future clinical trials using the 6MWT as a primary outcome.
In DMD, a major challenge to using a functional measure like the 6MWT has been the complex relationship between increasing motor function which occurs as young boys develop and decreasing motor function associated with disease. In particular, for DMD, it was the lack of understanding of the natural history of the 6MWT in DMD which arguably has muddied the interpretation of the effectiveness of potential new therapies. This was perhaps most evident in the Ataluren randomized controlled study, which was negative for its primary outcome, but which suffered from a higher than anticipated loss of ambulation in boys over the course of the study in both the treated and placebo groups. 28 In this study, a sub-analysis of boys who were > 7 years of age, and who walked < 350 meters were identified as a responder group. These same observations have been confirmed in subsequent natural history studies which identified a "sweet spot" for more consistent rates of decline in the 6MWT for boys > 7 and walking 200-400 meters, which have become standard early entry criteria for newer exon-skipping trials in DMD. 29, 30 FSHD, unlike DMD, is predominately a lateadolescent or adult onset muscular dystrophy, so developmental change is not a major issue for clinical trial planning. Nevertheless, similar to DMD, understanding the natural history of 6MWT in FSHD is important. This study is a first step in that process. Here, we show that the 6MWT in FSHD is reliable, abnormal, and relates to other important measures of disease progression. Limitations to this study include the small sample size and evaluation of the test at only 2 study sites. Ultimately understanding the relationship between gender, age, baseline functional status, mutation, and change over time will be necessary for efficient clinical trial planning. The 6MWT is a test of both strength and endurance, and endurance is tied to cardiopulmonary status. Unlike Pompe disease or DMD, where respiratory involvement can be early, in FSHD respiratory involvement is typically late and follows weakness. 31 However, this may be both a limitation but also an advantage for FSHD, as changes in the 6MWT are more likely to directly reflect changes in skeletal muscle function than cardiopulmonary status.
In conclusion, we have documented excellent test-retest reliability of the 6MWT in our sample of individuals with FSHD. The relationship between the 6MWT and measures of disease severity and other measures of mobility were moderate to strong, supporting concurrent validity of this outcome measure. Lastly, the 6MWT was administered and performed consistently across 2 sites. Furthermore, exploration of the sensitivity to change over time and establishing the degree of change that is clinically meaningful to individuals with FSHD will be critical to determining the utility of the 6MWT as an outcome measure in FSHD.
